Viral dynamics were intensively investigated in eight patients with acute HIV infection to define the earliest rates of change in plasma HIV RNA before and after the start of antiretroviral therapy. We report the first estimates of the basic reproductive number ( R 0 ), the number of cells infected by the progeny of an infected cell during its lifetime when target cells are not depleted. The mean initial viral doubling time was 10 h, and the peak of viremia occurred 21 d after reported HIV exposure. The spontaneous rate of decline ( ␣ ) was highly variable among individuals. The phase 1 viral decay rate ( ␦ I ϭ 0.3/day) in subjects initiating potent antiretroviral therapy during acute HIV infection was similar to estimates from treated subjects with chronic HIV infection. The doubling time in two subjects who discontinued antiretroviral therapy was almost five times slower than during acute infection. The mean basic reproductive number ( R 0 ) of 19.3 during the logarithmic growth phase of primary HIV infection suggested that a vaccine or postexposure prophylaxis of at least 95% efficacy would be needed to extinguish productive viral infection in the absence of drug resistance or viral latency. These measurements provide a basis for comparison of vaccine and other strategies and support the validity of the simian immunodeficiency virus macaque model of acute HIV infection.
A cute infection with HIV is characterized by an exponential rise in viral titers to extraordinary levels in the plasma (1, 2) . In many individuals, this dynamic phase of viral infection is accompanied by an acute syndrome resembling infectious mononucleosis (3, 4) . Viral titers spontaneously decline over a period of months to variable steady state levels that predict HIV disease progression (5, 6) .
The dynamics of viral replication in acute HIV infection provide important insights into the initial events of HIV pathogenesis. The basic reproductive number (the number of infected cells that arise from a single HIV-infected cell before any depletion of target cells) (7) can be estimated from the initial rise in levels of HIV RNA in plasma (8) . An estimate of efficacy for an intervention, which prevents sustained propagation of HIV infection from productively infected cells, can be calculated from the basic reproductive number. This estimate has particular relevance for vaccine development, the only intervention likely to influence the global HIV epidemic. It also has important implications for postexposure prophylaxis routinely recommended after occupational exposure to HIV (9, 10) and certain empirically defined sexual exposures (11) .
The viral dynamics of primary infection have been characterized for simian immunodeficiency virus (SIV) 1 infection in the macaque (12) and demonstrated the first in vivo estimates of R 0 ranging from 2.2 to 68. It is critical, however, to establish estimates of viral production and clearance in acute HIV infection in humans both for potential therapeutic applications and for validation of the SIV model. In this report, viral dynamics before and after the initiation of potent antiretroviral therapy were characterized in eight subjects with acute HIV infection who were identified before development of an HIV antibody response or during exponential viral decay.
Materials and Methods
Human Subjects. Eight adults with a symptomatic viral illness after sexual exposure to HIV were referred to our clinic for evaluation. Seven subjects had acute HIV infection, as defined by de-tectable HIV RNA in the plasma and nonreactive HIV antibody test or indeterminate Western blot (see Table I ). One subject presented with a positive HIV enzyme immunoassay and a positive Western blot (two bands; p24 and gp120/160 were positive) in the setting of exponential decline of plasma HIV RNA. All study subjects signed an informed consent approved by the University of California San Diego Human Subjects Committee. Baseline (day 0) demographic information, risk assessment for HIV exposure, clinical features, and duration of signs and symptoms compatible with an acute retroviral syndrome were recorded. The date of HIV infection was ascertained from patient history by Dr. S.J. Little. For individuals unable to identify a single high-risk exposure, the range of potential exposure dates was recorded and the midpoint in this range was assigned as the HIV exposure date.
This was an observational study, and participants chose to initiate antiretroviral therapy in conjunction with their physicians. Subjects 001 and 002 subsequently interrupted their antiretroviral therapy against advice 160 and 34 d, respectively, after treatment initiation (see Fig. 1 ). Frequent whole blood samples were obtained for isolation of plasma and PBMCs. Samples were collected every 1-2 d for weeks 1 and 2, twice per week for week 3, weekly for weeks 4-6, and every 4 wk thereafter. Whole blood was collected in acid-citrate dextrose tubes and processed within 6 h of collection. Plasma was separated and stored at Ϫ 70 Њ C. PBMCs were separated by established density gradient methods and prepared by controlled rate freezing for storage at Ϫ 150 Њ C.
Virologic Studies. HIV enzyme immunoassay (Abbott Labs.) and Western blot (Cambridge Biotech Corp.) were performed at presentation and repeated at regular intervals until a positive antibody and Western blot were documented. Plasma HIV RNA measures were performed by the Roche Amplicor Assay (Roche Molecular Systems) according to the manufacturer's instructions. The Roche ultrasensitive assay was used to determine HIV RNA copy number on a subset of samples. A virologic "plateau" was defined as at least two measures of HIV RNA, which varied by less than threefold and occurred before the initiation of antiretroviral therapy.
T Lymphocyte Studies. Assessment of T cell subsets was performed on whole blood within 24 h of specimen collection by dual color FACS™ analysis (FACScan™; Becton Dickinson Cytometry Systems). Baseline (day 0) T cell subsets were collected within 7 d of the day 0 visit, except for subjects 001 and 002, for which the first CD4 assessments were performed 11 and 37 d after presentation, respectively.
Modeling of Acute HIV Infection. Fig. 2 schematically illustrates the viral dynamics of acute HIV infection and is adapted from a study of acute SIV dynamics (12) . This figure demonstrates the viral parameters measured in our study population. These parameters are based on a standard model of infected cell dynamics ( I ) where free virus is used as a surrogate for infected cells:
where T represents the target cell number, ␦ I the death rate of infected cells, ␤ the rate of new infection of uninfected cells, and I the number of infected cells. We do not explicitly include free virus; our model assumes that direct cellcell transmission is the most important mode of spread of infection. If this were not true, we would use the same model, but the definition of ␤ would change to include a constant of proportionality relating free virus density to infected cell density.
The inferred growth rate, r 0 , represents the initial rate of rise of viremia per cell per day and is related to the model equation by setting so that and The inferred growth rate, r 0 , was measured directly in one of our study subjects (patient identification number [PID] 059). The ob-
served rate of rise of viremia, , is the measured slope of rising viremia within days of the peak of viremia. Measurements of are obtained at a time when the slope of the observed rate of rise of HIV RNA is likely to be slower than that observed initially ( r 0 ). The inferred r 0 assumes that (a) the CD4 cell count before HIV infection ( T 0 ) is 1,000 cells/mm 3 , (b) the efficiency of infection, ␤ , does not change between the time of infection and the observed time, and (c) the life span of an infected cell remains constant. The rationale underlying an inferred calculation for r 0 was that part of the slowdown in growth rate could be attributed to depletion of target cells (13, 14) . This assumption is supported by the recent observation that in a comparison of SIV-infected monkeys with and without CD8 ϩ cells, viral dynamics up to and including the time of peak viremia were not affected by the presence or absence of CTLs (15) . Using total CD4 counts as the best available surrogate for target cells and a nominal normal value of 1,000 cells/mm 3 , we corrected the observed rate of rise for the degree of target cell depletion. Based on the observed growth rate for the four study subjects identified with rising viremia , the following formula was used to calculate an inferred initial growth rate ( r 0 ): (1) from the observed growth rate, , where represents the CD4 cell count at (or close to) the first viremia observation. If the infected cell death rate had already grown larger by the time we made our observations, this formula would underestimate r 0 by the amount of that change.
The initial viral doubling time, t 2 , is calculated using the slope of rising viremia over time. The slope of declining viremia over time is used to measure the rate of decline of viremia during the subsequent spontaneous decline of viremia, ␣ , and the phase 1 (first order) viral decay rate after initiation of potent antiretroviral therapy, ␦ I . In the two subjects who discontinued antiretroviral therapy against advice, the rate of rise of viremia, r , after interruption of therapy was also measured.
The number of secondary infections arising from one infected cell over the course of its life span, when target cells are not depleted, is the basic reproductive number, R 0 . We estimated R 0 using a model that incorporates a fixed time delay, , between the infection of a target cell and the subsequent production of progeny virions. This fixed delay model gives R 0 as:
The actual duration of the intercellular lag between infection of a target cell and production of progeny virions is likely to be between 12 and 24 h, as determined by in vitro and in vivo estimates (16) (17) (18) . We used a 24-h delay (eclipse period) from the infection of one target cell and the subsequent production of progeny virions for the fixed delay model.
A second model without delay was also investigated. Although this is not a biologically plausible model, it was included for comparison with prior studies in macaques (12) . The model without delay is a special case of the fixed delay model with the delay set to zero ( ϭ 0):
This model assumes the instantaneous production of progeny virions from the moment of initial infection of a target cell and almost certainly generates minimal estimates of R 0 .
These methods of inferring r 0 and R 0 from and allow us to combine information on viral growth rate and degree of target 
Results
Acute Retroviral Illness. Eight subjects (seven men and one woman) were referred to our clinic 2-35 d after the onset of an acute retroviral illness and 12-50 d after highrisk sexual exposure to HIV (Table I) (Table I) .
All subjects exhibited diffuse lymphadenopathy at presentation. Myalgias, fever, headache, and fatigue were reported in 63-88% of subjects. CD4 cell numbers at initial presentation were highly variable, ranging from 163 to 937 cells/mm 3 (Table I ). The CD4/CD8 T cell ratio was within a normal range (2.0 Ϯ 0.8) in two of eight patients who presented less than 2 wk after HIV exposure but was low (0.2-1.0) in the remaining six subjects identified more than 2 wk after HIV exposure (data not shown).
Viral Doubling Time during Rising Viremia. Four of the eight subjects were identified before attaining peak levels of acute viremia, which ranged from 2.5 to 22 million HIV RNA copies per milliliter of plasma (Fig. 1) . The mean time from reported HIV exposure to the peak measure of viremia was 21 d (range, 12-31 d; Table I ). Sequential measures of plasma viremia were obtained to estimate the rates of rising HIV RNA (r 0 ) before the initiation of antiretroviral therapy (Fig. 2) . Subject 059 had a serum HIV RNA of 30 copies/ml serendipitously obtained 3 d after his reported HIV exposure. His plasma HIV RNA copy number upon presentation with an acute retroviral illness 9 d later (12 d after reported exposure) was 21,617,100 copies/ml. The observed initial rate of rise of HIV RNA (r 0 ) was 1.5/ day in this subject, which corresponds to a viral doubling time (t 2 ) of 12 h (Table II) .
The observed rate of rise of viremia for the other three subjects ranged from 0.2 to 1.3/day (Table II) . Because these plasma HIV RNA measurements were collected within days of the peak and likely reflect a reduced exponential growth rate compared with the initial rate (r 0 ), we calculated an inferred initial rate (Fig. 2) . These inferred r 0 values ranged from 1.4 to 3.5/day (mean, 2.0), and the mean doubling time (t 2 ) was 0.3 d, or 7 h. Comparison of the observed initial rate of rise of viremia (r 0 ) for subject 059 and the mean inferred rate, r 0 , for the remaining subjects revealed similar estimates of r 0 (1.5 and 2.0/day, respectively) and a mean viral doubling time (t 2 ) of 10 h.
The Basic Reproductive Number. The basic reproductive number (R 0 ) is the estimate of the number of secondary infections arising from one infected cell over the course of its life span when target cells are not a limiting resource. Using a standard model, which assumes no delay between the infection of a cell and the production of progeny virions, R 0 values ranged from 5.2 to 9.1, with a mean value of 7.1 (95% confidence interval, 4.3-13.2; Table II) . Slightly greater values were obtained using a fixed delay model for R 0 , which incorporates a 24-h delay between the infection of a target cell and the subsequent production of progeny. The fixed delay model, which is more biologically plausible, generated estimates of R 0 ranging from 7.4 to 34.0, with a mean value of 19.3 (95% confidence interval, 5.4-54.3). These estimates suggest that ‫91ف‬ infected cells will arise from each HIV-infected cell over the course of its life span when CD4 target cells are not limiting. Furthermore, these R 0 estimates predict that an antiretroviral regimen or vaccine, which is at least 95% effective, will prevent sustained viral propagation in the absence of drug resistance or viral latency. These are probably worst case estimates for the required efficacy of a prophylactic vaccine, as they are derived from viremic patients. This estimate of the value of the basic reproductive number must be treated as an attempt to gain an order of magnitude estimate rather than a definitive value. The mean inferred r 0 was 2.0 among the three subjects with an observed value. The mean r 0 for all four study subjects was 1.9 (three inferred rates and one observed), which corresponds to a viral doubling time (t 2 ) of 0.4 d. Viral dynamic parameters include: r 0 , the initial rate of rise of plasma viremia per cell per day, shown either as an observed (directly measured) or inferred (calculated from ) parameter; t 2 , the initial viral doubling time; , the rate of rise of plasma viremia per cell per day within days of the peak of HIV RNA; and R 0 , the basic reproductive number. The mean R 0 (no delay) was 7.1, with a 95% confidence interval of 4.3-13.2. The mean R 0 (24-h fixed delay) was 19.3, with a 95% confidence interval of 5.4-54.3. 95% confidence intervals for R 0 were calculated by fitting a slope to all data points from 3 d before the peak to the peak of viremia and using the variability in the estimate of this slope as the sole source of uncertainty in estimating R 0 . All means are geometric, except those for R 0 , which are arithmetic. Microbiology. An initial exponential rise of viremia, r 0 , is observed followed by a spontaneous decline of viremia, ␣. The rate of rise of HIV RNA, which occurs within days of the peak of viremia, is less than the rate, r 0 , observed initially. Upon initiation of potent antiretroviral therapy, the phase 1 decay rate, ␦ I , is measured. The rate of rise of viremia after interruption of therapy, r, is measured in two of our subjects.
r, Spontaneous Decline in Viral Titers. A spontaneous decline of viremia was observed in all subjects before initiation of antiretroviral therapy (Fig. 1 ). The measured rates of decline of viremia (␣), measured over the first 10 d of spontaneous viral decay, were highly variable, with a range of 0.1 to 0.8/day (mean, 0.3; Table III ). The accompanying t 1/2 of spontaneous decline ranged from 0.9 to 12.3 d (mean, 2.4). An apparent virologic plateau, defined as at least two measures of HIV RNA that varied by less than threefold, was observed a mean of 33 d after the peak measure of viremia in seven of the study subjects (data not shown). In the absence of antiretroviral therapy, these early plateau values for HIV RNA ranged from 7,074 to 436,354 copies/ml (mean, ‫000,561ف‬ copies/ml) and were sustained for 2-4 wk in the absence of therapy. A subsequent further spontaneous decline of HIV RNA was noted in subjects 056 and 059, who did not initiate therapy during the plateau period.
Treatment Effects. Seven of eight subjects initiated potent antiretroviral therapy during the first 2 mo after reported HIV exposure. The initiation of potent antiretroviral therapy in these subjects permitted estimation of the death rate of productively infected cells (␦ I ) and the t 1/2 of virus during the decline of plasma viremia (Fig. 2) . Values for the phase 1 viral decay rate (␦ I ) were remarkably consistent and ranged from 0.2 to 0.5/day, with clearance t 1/2 of 1.3-3.0 d for the subjects (Table III) . Relapse of viremia was observed after voluntary interruption of antiretroviral therapy in two subjects (Table III) . The mean rate of viral replication upon relapse of viremia (r) was 0.4/day, corresponding to a mean viral doubling time (t 2 ) of 1.4 d. Comparison of the rate of viral replication after withdrawal of treatment (r) to the rate of viral replication during initial acute infection (r 0 ) showed that the initial rate was nearly five times faster (0.4 vs. 1.9/day).
Comparison of Viral Dynamics in HIV to the SIV Model. A comparison of the viral replication dynamics during primary infection revealed remarkably similar parameters between the macaque model (12) with acute SIV infection and human subjects with acute HIV infection ( Table IV) . The mean initial rate of rise of viremia (r 0 ) in 12 SIVsmE660-infected macaques was 2.2/day (range, 1.7-2.7), with a viral doubling time of 0.32 d (8 h). This measure is similar to a mean r 0 value of 1.9/day (range, 1.4-3.5) and doubling time of 0.4 d (10 h) observed in our study population. Both the magnitude and the time to peak of viremia in the macaque and human infections were similar. As observed in HIV-infected humans, a period of spontaneous decay of SIV after the peak of viremia is observed in macaques with primary SIV infection. The mean rate of spontaneous SIV decay (␣) was 0.52/day, with a mean clearance t 1/2 of 1.33 d, compared with a mean rate of spontaneous decay (␣) of 0.3/day, with a mean viral clearance t 1/2 of 2.4 d in humans. Similar lower limit estimates of R 0 were observed in macaques (5.4) and humans (7.4) using the fixed delay model (12), with more varied upper limit estimates in the macaques, perhaps attributable to the incorporation of data on target cell availability in the human study. Comparison of phase 1 decay rates and relapse rates of viremia are limited by the very different treatment regimens and durations of therapy used in the different hosts as well as small sample numbers.
Discussion
Viral dynamics of acute HIV infection were described nearly a decade ago (1, 2), yet only recently has the potential value of precisely defining viral and host immune responses in acute HIV infection been appreciated. The increased recognition of the clinical syndrome associated with primary HIV infection coupled with the potential benefits of early intervention with potent antiretroviral therapy have facilitated investigation of acute HIV infection (19, 20) . Identifying patients with exponentially increasing viral titers in this study permitted the first estimates of viral doubling time associated with acute HIV infection.
The viral doubling time during acute HIV infection was estimated to be 10 h. The abundance of permissive target cells during acute HIV infection and the rapid viral doubling time resulted in extraordinarily high levels of HIV RNA (2.5-44 million copies per milliliter of plasma) within 3 wk of infection. This estimate of the doubling time in acute infection is nearly five times faster than that measured after treatment interruption (t 2 ϭ 1.4 d) and what has been observed after interruption of treatment of chronic infection (t 2 ϭ 1.7 d; reference 21). The viral doubling time after treatment interruption may represent an objective parameter to evaluate the restoration of HIV-specific immune responses generated during therapy. A delay before the emergence of detectable plasma HIV RNA after therapy withdrawal or a slower viral doubling time than was observed with our patients may provide a quantitative estimate of acquired host immunity. We cannot, however, exclude the possibility that greater target cell availability during acute infection supports the observed more rapid viral doubling. The quantitation of viral titers during acute infection also permitted estimation of the basic reproductive number (R 0 ). Any intervention that reduces R 0 to Ͻ1 results in less than one secondary infected cell arising from each HIV infected cell. This parameter provides an estimate of how effective an intervention must be to result in extinction of viral replication and thus has significant implications for vaccine design and postexposure therapies. To extinguish ongoing viral replication, any intervention must reduce the basic reproductive number to below one. At least two important qualifications must be considered before claiming that such an intervention will successfully control HIV infection. First, ongoing replication in the presence of the selective pressure of an immune response or drug therapy could permit the outgrowth of resistant (escape) mutants. Consideration of resistance is relevant because both zidovudine (22, 23) and multidrug-resistant virus (24) have already been reported in acute HIV infection. Furthermore, mathematical models suggest that drug resistance is more likely to develop if treatment is initiated during the very high titer viremia of acute HIV infection (25) . Second, even during acute infection, latently infected CD4 cells are being generated (26) , which upon later reactivation could provide the spark to rekindle viral replication.
Our estimates of R 0 do not consider the impact of longlived pools of latently infected cells (27, 28) , which have been detected within the first week after the onset of an acute retroviral syndrome (26) .
Our estimates of the basic reproductive number ranged from 7.4 to 34.0 (mean, 19.3) using the model with fixed delay and suggest that after acute HIV infection, an intervention at least 95% effective will be needed to prevent sustained viral propagation. The presence of drug-resistant virus or an established pool of latently infected cells could make such a target extremely difficult to attain.
Our estimates of the basic reproductive number depend on several additional assumptions. First, although biologically implausible, a no delay model was evaluated for the purpose of comparison with prior studies of SIV dynamics in acutely infected macaques. Second, our model assumes that CD4 lymphocytes are a good surrogate for target cells. This amounts to assuming that the fraction of CD4 cells that are target cells is constant, an assumption that is born out by our own preliminary observations (data not shown). The lymphocyte populations, which are productively infected in vivo, have not been precisely defined. Based upon our observations that HIV replication in vitro is selectively favored in CD4 cells of the memory phenotype (CD4/ CD45RO) (29), we and others speculated that activated CD4 cells (30) (31) (32) (33) , such as memory cells expressing the IL-2 receptor (CD4/CD45RO/CD25) might represent a target cell population for HIV infection in vivo. However, in the absence of data defining the rate of production and clearance of these cells (both infected and uninfected), we were unable to fit a model that included these variables and used absolute CD4 counts as the target cell population for our estimates of R 0 . If the population of true target cells for HIV infection was present as a stable proportion of the total CD4 cell population, then our estimates of R 0 would be unbiased. Supporting this assumption, we observed that the proportion of CD4 cells that coexpressed CD45RO/CD25 remained stable during the first 6 mo of follow-up in all study subjects (data not shown). Third, we assumed a preinfection CD4 count of 1,000 cells/mm 3 . This would underestimate R 0 for subjects with preinfection T cell counts (T 0 ) Ͼ 1,000 and overestimate R 0 for subjects with T 0 Ͻ 1,000. Spontaneous decline of viremia was highly variable both within and among patients. It is possible that the explanation for this variability is attributable to host immune responses; however, there are yet no strong data to support this assumption. Prior observations by Riggs et al. in a single subject showed that the viral burst size appeared to be stable during the decline of acute viremia, arguing against the hypothesis that the life span of HIV-infected cells was being shortened by effective CTL responses (34) .
The rate of viral decay over the first 10 d of declining viremia (␣) was identical to the mean phase 1 viral decay rate after initiation of potent antiretroviral therapy (0.3/d). In one patient with peak HIV RNA counts over 10 million, the rate of spontaneous decline was actually faster than that seen after potent antiretroviral therapy (data not shown). This observation is difficult to reconcile with the assumption that during spontaneous decline, some new infections are still being produced, whereas in the setting of potent antiretroviral therapy, virtually all new infections are blocked.
The initiation of potent antiretroviral therapy in the setting of acute HIV infection resulted in measures of phase 1 viral decay rates remarkably similar to reported measures in subjects with chronic HIV infection across a range of treatment regimens (18, 21, 35, 36) . In contrast to previous reports (21, 37) , no association between baseline HIV RNA or CD4 cell count (or percentage) and the rate of phase 1 viral decay was observed. These data suggest that either an acquired host immune response develops very early in the course of acute HIV infection and remains relatively constant thereafter, or, conversely, that the contribution of host immunity to the clearance of productively infected cells is minimal in both acute and chronic HIV infection (14, 34, 38) .
Frequent measurements of plasma HIV RNA in these subjects demonstrated the appearance of a relative virologic plateau a mean of 33 d after the peak of viremia that has not been identified in prior publications (14, 39) . This virologic plateau occurred several months before the virologic "set point" shown to be predictive of disease progression (5) . Additional studies are needed to define the exact timing, duration, and etiology of this observation.
Our measures of the initial rate of rise of viremia, magnitude of the peak, and subsequent spontaneous decline of viremia are in close approximation to reported ranges for these variables in a macaque model of primary SIV infection (12) . Although the lower limit estimates for R 0 are similar for the human (7.4) and simian models (5.4), the range for the basic reproductive number in the macaque model was somewhat greater (5.4-68) than in the human model (7.4-34.0). The more limited range of our estimate is related to the use of both the viral growth rate and the degree of target cell depletion to estimate R 0 , whereas the SIV estimate of R 0 used only viral dynamic parameters.
Similar viral replication dynamics between humans and macaques support the use of the SIV model to study HIV pathogenesis. Studies evaluating postexposure prophylaxis as well as the establishment of viral latency will almost certainly be addressed more efficiently in the macaque model, where route, inoculum, and viral strain are specified. Because candidate HIV vaccines will be evaluated first in the SIV model, our estimates of the basic reproductive number will provide a rational means to select vaccines that merit testing in humans.
